Isothermal crystallization and subsequent melting behavior for three different types of linear aromatic polyester, namely poly(ethylene terephthalate) (PET), poly(trimethylene terephthalate) (PTT), and poly(butylene terephthalate) (PBT), were investigated (with an emphasis on PTT in comparison with PET and PBT). These polyesters were different in the number of methylene groups (i.e. 2, 3, and 4 for PET, PTT, and PBT, respectively). Isothermal crystallization studies were carried out in a differential scanning calorimeter (DSC) over the crystallization temperature range of 182-208
Introduction
In 1941, a new type of linear aromatic polyester, poly(trimethylene terephthalate) (PTT), was successfully synthesized [1] , but it was not commercially available then because of the cost of 1,3-propanediol, one of the raw materials used to produce PTT. With a breakthrough in the synthesis of 1,3-propanediol at a much lower price, PTT is now commercially available and has been produced by Shell Chemicals under the tradename Corterra, joining the rank of other linear aromatic polyesters, poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT). PTT has properties in between those of PET and PBT, with an unusual combination of the outstanding properties of PET and processing characteristics of PBT. These make PTT highly suitable for uses in fiber, film and engineering thermoplastic applications.
PTT has three methylene units in its chemical structure, rendering PTT chains to be more flexible. Hence, PTT recrystallization during subsequent heating process. Based on wide-angle X-ray diffraction (WAXD) results, it was suggested that the crystal modification of PTT did not change with crystallization temperature, at least within the temperature range studied [5] .
The overall isothermal crystallization and subsequent melting behavior of PTT in critical comparison with those of PET and PBT, based mainly on results obtained from DSC and WAXD techniques are reported herein. The isothermal crystallization data have been analyzed based on various mathematical models, namely the Avrami, Tobin, and Malkin macrokinetic models. The equilibrium melting temperatures of PTT, PET and PBT are also evaluated based on both linear and non-linear Hoffman-Weeks (LHW and NLHW) extrapolations.
Theoretical background
Isothermal bulk crystallization kinetics of semi-crystalline polymers in a DSC is usually studied by following the crystallization exotherms [6, 7] , based on the assumption that the evolution of crystallinity is linearly proportional to the evolution of heat released during the course of crystallization. Based on this notion, the relative crystallinity as a function of time θ(t) can be obtained according to the following equation:
where t and ∞ are the elapsed time during the course of crystallization and at the end of crystallization process, respectively, and dH c is the enthalpy of crystallization during an infinitesimal time interval dt. In order to quantitatively describe the macroscopic evolution of crystallinity during primarily crystallization under quiescent isothermal conditions, a number of macrokinetic models have been proposed over the past 60 years. They are, for examples, the so-called 'Avrami' [8] [9] [10] [11] [12] [13] , Tobin [14] [15] [16] , and Malkin [17] models. In the Avrami model [8] [9] [10] [11] [12] [13] , the relative crystallinity as a function of time θ(t) is related to the crystallization time t according to the equation:
where K a and n a are the Avrami crystallization rate constant and the Avrami exponent, respectively. Usually, K a is written in the form of the composite Avrami rate constant k a (i.e. k a = K n a ). Since the units of k a are a function of n a , use of K a should be more preferable since its units are given in (time) −1 [18] . Both K a and n a are constants specific to a given crystalline morphology and type of nucleation for a particular crystallization condition [19] and that based on the original assumptions of the theory, the value of n a should be an integer ranging from 1 to 4.
To improve the Avrami equation in describing the observed behavior during the later stages of crystallization, Tobin [14] [15] [16] proposed a different expression to describe the kinetics of phase transformation by taking into account the growth impingement. The original theory was written in the form of a non-linear Volterra integral equation, of which the zeroth order solution is given by
where K t is the Tobin rate constant, and n t the Tobin exponent. Based on this proposition, the Tobin exponent needs not be integral [14] [15] [16] , and it is mainly governed by different types of nucleation and growth mechanisms. According to the original publications [14] [15] [16] , K t is written in the form of the composite Tobin rate constant k t (i.e. k t = K n t ). Similar to the case of k a , the units of k t are a function of n t , therefore use of K t should be more preferable since its units are given in (time) −1 .
Derived based on a postulation that the overall crystallization rate equals the summation of the rate at which the degree of crystallinity varies with the emergence of primary nuclei and the rate of variation in the degree of crystallinity varies with crystal growth rate, a totally different kinetic equation may be obtained [17] :
where C 0 is the Malkin exponent which is directly related to the ratio of the crystal growth rate G to the primary nucleation rate I (i.e. C 0 ␣ G/I), and C 1 is the Malkin crystallization rate constant which is directly related to overall crystallization (i.e. C 1 = aG + bI, where a and b are some specific constants). The units of C 1 are given in (time) −1 .
Experimental details

Materials
Poly(trimethylene terephthalate) was supplied in pellet form by Shell Chemicals (USA) (Corterra CP509201). The weight-and number-average molecular weights of this resin were determined to be ca. 78,100 and 34,700 Da, respectively. Poly(ethylene terephthalate) was supplied in pellet form by Indo PET (Thailand) (N1). The weight-and number-average molecular weights of this resin were determined to be ca. 84,500 and 41,200 Da, respectively. Finally, poly(butylene terephthalate) was supplied in pellet form by LG Chem (Korea) (LUPOX GP-2000). The weight-and number-average molecular weights of this resin were determined to be ca. 71,500 and 36,300 Da, respectively. It should be noted that molecular weight characterization of these resins was carried out by Dr. Chuah and co-workers of Shell Chemicals (USA) based on size-exclusion chromatography (SEC).
Sample preparation
PET, PTT and PBT resins were dried in a vacuum oven at 140 • C for 5 h prior to further use. Films of ca. 200 m in thickness were melt-pressed at 280 • C for PET and 260 • C for PTT and PBT in a Wabash V50H compression molding machine under an applied pressure of 4.62 × 10 2 MN m −2 . After 5 min holding time, the films were taken out and allowed to cool, under ambient conditions, to room temperature between the two metal platens. This treatment assures that previous thermo-mechanical history was essentially erased, and provided a standard crystalline memory condition for the as-prepared film.
Differential scanning calorimetry measurements
A DSC (DSC-7, Perkin-Elmer) was used to record isothermal crystallization exotherms and subsequent melting endotherms of these polyester resins. Calibration for the temperature scale was carried out using a pure indium standard (T 0 m = 156.6 • C and H 0 f = 28.5 J g −1 ) on every other run to ensure accuracy and reliability of the data obtained. To minimize thermal lag between the polymer sample and DSC furnace, each sample holder was loaded with a disc-shape sample weighing around 8.0 ± 0.5 mg which was cut from the as-prepared films. Each sample was used only once and all the runs were carried out under nitrogen atmosphere to prevent extensive thermal degradation.
Each measurement started with heating each sample from 40 • C at a heating rate of 80 • C min −1 to a desired melt-annealing temperature T f (i.e. at 280 • C for PET and 260 • C for PTT and PBT, respectively). To ensure complete melting, the sample was kept at the respective T f for a melt-annealing period of 5 min. After this period, each sample was rapidly cooled (i.e. ca. 200 • C min −1 ) from T f to a desired crystallization temperature, where it was held for the completion of the crystallization process (achievable when no significant change in the heat flow as a function of time was further observed). Both the isothermal crystallization exotherms and subsequent melting endotherms were recorded for further analysis. The heating rate used to record all of the subsequent melting endotherms was 10 • C min −1 . The kinetics of the isothermal crystallization process was carried out by directly fitting the experimental data to the aforementioned macrokinetic models.
Crystal structure and crystallinity measurements
Wide-angle X-ray diffraction was employed to determine crystal modification and apparent degree of crystallinity of PTT samples prepared in the conditions set forth for samples prepared for the DSC measurements (viz. after the samples were completely crystallized at a desired crystallization temperature, they were immediately quenched, without subsequent heating, to 30 • C). Each sample was then taken out of the DSC sample holder and was pasted onto a glass X-ray sample holder, using vasaline as adhesive. The WAXD intensity pattern of each sample was then collected on a Rigaku Rint 2000 diffractometer, equipped with a computerized data collection and analytical tools. The X-ray source (Cu K␣ radiation, λ = 1.54 Å) was generated with an applied voltage of 40 kV and a filament current of 30 mA. Fig. 1 illustrates the time-dependent relative crystallinity function θ(t) (after subtraction of the induction period t 0 ) of PTT samples crystallized at two different temperatures (i.e. 184 and 194 • C, respectively). The raw data are shown in Fig. 1 using different geometrical symbols to represent data points. Evidently, within the temperature range studied, the time to reach the ultimate crystallinity (i.e. complete crystallization) increased with increasing crystallization temperature T c . An important bulk or overall crystallization kinetic parameter which can be determined directly from the θ(t) data is the half-time of crystallization t 0.5 , defined as the elapsed time from the onset of crystallization to the point where the crystallization is half-completed. Table 1 summarizes the t 0.5 values taken from all of the experimental data obtained.
Results and discussion
Isothermal crystallization of polyesters from the melt
From the data displayed in Table 1 , it is apparent that, for each resin, the t 0.5 value increased exponentially with increasing T c (at least within the T c range studied). Comparison of crystallization kinetics for these polyesters, which have different practical crystallization windows over the absolute temperature scale (i.e. T g < T c < T 0 m ), can be carried out by plotting the kinetic parameters versus the degree of undercooling T, which is defined as the difference between the equilibrium melting temperature T 0 m and the T c (i.e. T = T 0 m − T c ). It should be noted that the T reflects the driving force for crystallization and the T 0 m values for PET, PTT, and PBT have been determined by the linear Hoffman-Weeks extrapolation to be ca. 270.1, 243.6, and 235.4 • C, respectively (see later).
Plots of t 0.5 values versus T for all of the resins studied (not shown) exhibited increased t 0.5 values with decreasing T (or with increasing T c ). For a given T, PBT exhibited the lowest t 0.5 value, followed by those of PTT and PET, respectively. The results clearly suggested that crystallization proceeded at a much faster rate with increasing T (or with decreasing T c ) and that PBT crystallized at the greatest rate, followed by PTT and PET, respectively. Fig. 2 displays the reciprocal half-times of crystallization t −1 0.5 versus T for all of the polyesters studied. This type of plot is regarded as the most fundamental representation of the bulk crystallization rate for a semi-crystalline polymer. From Fig. 2 , it is evident that all of the polymers studied exhibited increased t shown as points, were fitted to the Avrami, Tobin, and Malkin macrokinetic models, using a non-linear multivariable regression program, in which the best fits were shown as the solid, dash-dot, and dashed lines, respectively.
PET were ca. 2.6, 0.7, and 0.1 min −1 , respectively. This confirmed that PBT exhibited the greatest crystallization rate, followed respectively by PTT and PET. Observation of both the t 0.5 and t
−1
0.5 values suggest that the relative crystallization ability for these polyesters is in the following order: PBT > PTT > PET. Based on previous non-isothermal melt-crystallization kinetic analyses for these three polyesters [20] , comparison of the values of the Ziabicki's kinetic crystallizability parameter (which describes the ability for a semicrystalline polymer to crystallize when it is cooled from the melt to the glassy state at a Table 1 Overall crystallization kinetic data for PET, PTT, and PBT based on the Avrami model 
unit cooling rate and were found to be ca. 1.1, 1.5, and 1.7 for PET, PTT, and PBT, respectively) and the effective energy barrier for non-isothermal crystallization process E following the differential isoconversional method of Friedman [21] (which, at a relative crystallinity of 0.5, were found to be ca. −49.8, −52.9, and −126.6 kJ mol −1 for PET, PTT, and PBT, respectively) among these three polyesters clearly support the postulation drawn above with regards to the relative crystallization ability for these polyesters.
In the case where t 0.5 data can be measured accurately over the whole temperature range in which polymers can 0.5 versus either T c or T is expected to exhibit the typical bell-shaped curve, which is characterized by the nucleation-controlled character at "high" T c or "low" T values and the diffusion-controlled one at "low" T c or "high" T values. Such behavior can be theoretically described based on the Lauritzen-Hoffman secondary nucleation concept [22, 23] . From the results shown in Fig. 2 , it is apparent that, within the T c range studied, these polyesters crystallized within the nucleation-controlled region.
Though it is not visually observed in the t −1 0.5 versus T data for PTT and PBT, a "breaking" behavior in the data presented for PET at a T just above ca. 60 • C or a T c just below ca. 210 • C is obvious (see Fig. 2 ). Vyazovkin and Sbirrazzuoli [24] used the integral isoconversional method of Vyazovkin [25, 26] to obtain the effective energy barrier for isothermal crystallization of PET and reported that the temperature dependence of the E exhibited a breakpoint at an average temperature of ca. 205 • C. Lu and Hay [27] applied the Lauritzen-Hoffman concept [22, 23] to the isothermal bulk crystallization data of PET and reported a break in the slope of the respective plot at a T c of ca. 217 • C, in which they attributed to the change in the crystallization regimes from I to II. Based on these observations, the "breaking" behavior observed here should correspond to the change in the crystallization regimes.
Isothermal crystallization kinetics based on the Avrami analysis
The analysis of kinetic data based on the Avrami model can be done by fitting the θ(t) function obtained for each crystallization temperature to Eq. (1). The Avrami exponent n a and the Avrami rate constant K a , provided by the program, are summarized in Table 1 . The exponent n a for primary crystallization process was found to range from 1.64 to 2.05 for PET, 1.75 to 2.39 for PTT, and 1.63 to 2.24 for PBT, respectively. This may correspond to a two dimensional growth with a combination of thermal and athermal nucleation (resulting in the fractional n a values observed) [28] . Intuitively, the temperature dependence of the exponent n a , within the nucleation-controlled region, should be such that n a decreases with decreasing crystallization temperature. This may be explained based on the fact that the number of athermal nuclei increases tremendously as the temperature decreases [18, 29] . In other words, as the crystallization temperature decreases, the number of athermal nuclei that become stable at that temperature also increased, resulting in the nucleation mechanism becoming more instantaneous in time and causing the Avrami exponent n a to decrease.
From the kinetic data shown in Table 1 , K a was very sensitive to changes in the T c , in that it increased with decreasing T c (or with increasing T), similar to the case of t −1 0.5 previously shown. Indeed, K a values can be calculated directly from the t
, in which the calculated rate constant values K * a are also listed for comparison in Table 1 . Obviously, there is good agreement between the rate constant obtained from the fitting of the experimental data K a and that obtained from the calculation K * a , with the calculated value being ca. 0.73% less than the experimental values on average for PTT.
Isothermal crystallization kinetics based on the Tobin analysis
The analysis based on the Tobin model can be performed by fitting the θ(t) function obtained for each crystallization temperature to Eq. (3). Table 2 summarizes the Tobin kinetic Table 2 Overall crystallization kinetic data for PET, PTT, and PBT based on the Tobin model 
parameters n t and K t , as well as the r 2 parameter. The Tobin exponent n t for primary crystallization was found to range from 2.55 to 3.47 for PET, 3.06 to 3.78 for PTT, and 2.46 to 3.85 for PBT. By comparison, it is apparent that, at an arbitrary crystallization temperature, the Avrami exponent n a is consistently lower in value than the Tobin exponent n t . By taking the average value of the difference between the two values, we are able to conclude, based on our experimental observation, that n t ≈ n a + 1.3, which is in general accordance with previous observations [18, 29] . As may be seen from Table 2 , the Tobin rate constant K t clearly exhibits a similar trend to that of the Avrami rate constant K a in that it is greater in its value at low crystallization temperatures than that at high temperatures. According to Eq. (3), the Tobin rate constant can also be calculated from the reciprocal half-time value t −1 0.5 (i.e. K * t = t −1 0.5 ). The calculated values K * t are also listed in Table 2 . The discrepancy between the average value of rate constant obtained from the fitting of the experimental data K t and that obtained from the calculation K * t of 1.89% for PTT was found, as opposed to around 0.73% difference in K a and K * t values for PTT. The analysis for PET and PBT also showed similar trends. This suggests that the experimental data for these polyesters can be better described by the Avrami model better than by the Tobin one. This is also reflected by the fact that the r 2 values listed in Table 1 are much greater than those listed in  Table 2 , indicating the much better fitting of the data to the Avrami model.
Isothermal crystallization kinetics based on the Malkin analysis
The analysis based on the Malkin model can be carried out by fitting the θ(t) function obtained for each crystallization temperature to Eq. (4). The kinetic parameters specific to the Malkin model, C 0 and C 1 , as well as r 2 parameter, are listed in Table 3 . The C 0 parameter was found to range from 4.55 to 25.74 for PET, 7.01 to 28.01 for PTT and 4.56 to 17.39 for PBT.
Unlike the Avrami and the Tobin models, there is no direct analytical procedure for the determination of the Malkin kinetic parameters. Since, fundamentally, the Malkin exponent C 0 is related directly to the Avrami exponent n a according to the following expression [17] :
it should exhibit a similar temperature dependence to that of Avrami exponent n a . According to the data presented in Table 3 , the Malkin rate constant C 1 also exhibited a temperature dependence in a similar fashion as the crystallization rate constants characteristic of both the Avrami and Tobin models. This is not surprising since the Malkin rate constant C 1 relates to the Avrami kinetic parameters (i.e. n a and k a ) according to the following expression [17] :
The estimated Malkin kinetic parameters are also listed in Table 4 , in which they are denoted C * 0 and C * 1 , respectively. The estimated rate constant C * 1 was found to be in good agreement with that obtained from the direct fitting method for C 1 . Like the other two rate constants, the Malkin rate constant C 1 can also be calculated directly from the reciprocal half-time t
)).
Although not listed in Table 3 , the C 1 values calculated from t −1 0.5 values were found to be almost identical to the estimated Malkin values, C * 1 , for the crystallization rate constants. Table 3 Overall crystallization kinetic data for PET, PTT, and PBT based on the Malkin model Table 4 Fitting parameters for the best possible fits of the respective rate parameters of PET, PTT, and PBT according to Eq. (9) PET PTT PBT 
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Qualitative comparison among the three macrokinetic models
The quality of each macrokinetic equation in describing the experimental data θ(t) is quantitatively represented by not only the r 2 parameter obtained for the best fit of the data, but also the quality of the prediction in comparison with the experimental data such as those shown in Fig. 1 . From the comparison of the model predictions of the experimental data (shown in Figure as solid, dash-dot, and dashed lines for predictions according to the Avrami, Tobin, and Malkin models, respectively) and the comparison of the values of the r 2 parameter summarized in Tables 1-3 it is clear that the Avrami and Malkin models provide very good correlation of the experimental data, while the Tobin model was not satisfactory in describing the experimental data. Fig. 3 illustrates the variation of all of the kinetic exponents of time (i.e. n a , n t , and C 0 ) as a function of T c (only shown for PTT). The values of n a and n t change a little with, while C 0 was a bit more sensitive to, changes in the T c . The kinetic exponents of time for PET and PBT also exhibited similar temperature dependency. Fig. 4 exhibits the variation of all of the bulk crystallization rate parameters (i.e. t It is generally accepted [18, 29] that the bulk crystallization rate parameters (e.g. t −1 0.5 , K a , K t , and C 1 ) relate, in one way or another, to the primary nucleation rate I and/or the subsequent crystal growth rate G: the temperature dependence of the bulk rate parameters can accordingly be quantified and described. Even though the temperature dependence of the parameters I and G are known to have a different temperature dependence [22, 23] , the bulk crystallization rate parameters have often been taken to have a similar temperature dependence to that of the subsequent crystal growth rate G (written in the context of the original Lauritzen-Hoffman secondary nucleation theory (LH theory) [22, 23] ), which can be expressed as
Further discussion on the temperature dependence of the kinetic paramters
where ψ(T c ) and ψ 0 are the respective crystallization rate parameters (i.e. t
−1
0.5 , K a , K t , and C 1 ) and the respective pre-exponential parameters (i.e. (t −1 0.5 ) 0 , K a,0 , K t,0 , and C 1,0 ), respectively. A is a parameter relating to the activation energy which characterizes molecular diffusion across the interfacial boundary between melt and crystals, while B is a parameter relating to the activation energy for the formation of the secondary nuclei. T g is the respective glass-transition temperature (i.e. T g ≈ 78 • C for PET, 44 • C for PTT, and 35 • C for PBT, respectively), T g −C is the temperature where the cessation of long range molecular motion is expected and is often taken to be either ca. 30 or 50 K below the glass-transition temperature, R is the universal gas constant, and f is the factor used to correct for the temperature dependence of the heat of fusion (i. The experimental data, shown as various geometrical points, were fitted to Eq. (7), and the best fits are shown as various lines.
crystallization rate parameter (i.e. t −1 0.5 , K a , K t , and C 1 ) collected at various T c 's to Eq. (7). In order to obtain the best possible fits for the rate parameters with Eq. (7), the value of the parameter C was chosen to be either 30 or 50 K, while those of T g and T 0 m were fixed as previously noted. In so doing, the only unknown parameters which are provided by the program along with the best fits are ψ 0 , A and B. Plots of the crystallization rate parameter of interest (i.e. t −1 0.5 , K a , K t , and C 1 ) and its corresponding best fit are illustrated in Fig. 4 . The values of the fitting parameters are summarized in Table 4 . Examination of the values of the r 2 parameter listed in Table 4 suggests that the goodness of the fits of 2θ (degrees) these parameters according to Eq. (7) was very satisfactory. Specifically, it can be concluded that the quality of the fits, when using C = 30 K, was, in general, better than those, when using C = 50 K for PET and PTT. On the other hand, use of C = 50 K was better in the case of PBT.
Crystal modification and crystallinity of PTT
In order to observe the crystal structure and the resulting apparent degree of crystallinity of PTT samples crystallized at different isothermal temperatures, the WAXD technique was used. Fig. 5 shows WAXD patterns of PTT samples crystallized at isothermal temperatures ranging from 182 to 206 • C (each sample was prepared in a DSC cell by quenching to 30 • C, without subsequent melting, after complete crystallization at each respective temperature). Obviously, each samples exhibited seven characteristics peaks at the scattering angles 2θ of ca. 15.3, 16.8, 19.4, 21.8, 23.6, 24.6, and 27.3 • , corresponding to the reflection planes of (0 1 0), (01 2), (0 1 2), (1 02), (1 0 2), (11 3) and (1 04) , respectively [30] . It is also apparent from Fig. 5 that crystallization of PTT at different temperatures (at least within the range studied) did not affect the positions of these characteristic peaks, indicating that the crystal modification of PTT did not change with varying T c . It has been determined that the crystal unit cell of PTT (based on WAXD results) is triclinic with axes a = 4.64 Å, b = 6.27 Å and c = 18.64 Å, and angles α = 98 • , β = 90 • , and γ = 112 • , with an antichiral packing of molecules only along the c-axis [31] . The space group proposed for this crystal modification is P1 [31] .
Apart from the information regarding the crystal modification, the sharpness and broadness of the characteristic peaks shown in Fig. 5 also suggest that the apparent degree of crystallinity was an increase function with the T c (within the T c range studied). Quantitatively, the apparent degree of crystallinity χ WAXD c can be calculated from the relative ratio of the integrated intensities under the crystalline peaks A c to the integrated total intensities A t , according to the following equation:
where A a is the integrated intensities of the amorphous halo. Fig. 6 shows plot of the apparent degree of crystallinity of PTT samples isothermally crystallized at different temperatures (viz. the results were calculated from the raw WAXD patterns shown in Fig. 5 ). The apparent degree of crystallinity of PTT was found to be ca. 18.1% when it was crystallized at 182 • C, and it was found to be ca. 28.4% at 206 • C, which is in agreement with a previous report that the apparent degree of crystallinity of melt-crystallized PTT samples was in the range of 15-30% [3] . It is qualitatively obvious that the WAXD degree of crystallinity of PTT increased with increasing T c (at least within the T c range studied). Fig. 7 contains successive DSC melting endotherms (10 • C min −1 ) for PTT samples recorded after complete crystallization from the melt state at various crystallization temperatures ranging from 182 to 208 • C. Either double or triple-melting endotherms were observed. At temperatures below ca. 194 • C, triple-melting endotherms were evident: the peaks were labeled as I, II, and III for low-, middle-, and high-temperature melting endotherms, respectively. The positions of both peaks I and II steadily increase with increasing crystallization temperature. However, the position of peak II was much less dependent on the crystallization temperature than that of peak I. Peak III disappears altogether when the crystallization temperature is greater than ca. 194 • C. This triple-melting phenomenon has previously been reported [5] . The occurrence of peak I has been attributed to recrystallization during the re-heating process and peaks II and III to the melting of the primary crystallites of two populations of the lamellar stacks [5] .
Melting behavior of PTT
In a separate investigation about the multiple-melting behavior in isothermally crystallized PTT using DSC and For the triple-melting phenomenon, it has been postulated that the occurrence of peak I was a result of the melting of the primary crystallites formed at T c , peak II was a result of the melting of recrystallized crystallites formed during a heating scan, and peak III was a result of the melting of the recrystallized crystallites of different stabilities which are formed during a heating scan.
Determination of the equilibrium melting temperatures
According to a theory derived by Hoffman and Weeks [33] (also known as the linear Hoffman-Weeks extrapolation), the equilibrium melting temperature T 0 m , that is the melting temperature of infinitely thick crystallites, can be estimated by linear extrapolation of the apparent melting temperature T m versus the crystallization temperature T c data to the line T m = T c . Mathematically, this may be expressed by the equation:
where β is the "thickening ratio." In other words, β indicates the ratio of the thickness of the mature crystallites L c to that of the initial ones L * c ; therefore, b = L c /L * c is supposed to always be greater than or equal to 1. Fig. 8 shows a plot of the observed T m versus T c for PTT samples studied. Evidently, the observed T m data displays a Table 5  Estimated equilibrium melting temperatures The slope of the least-squared line, which equals 1/2β, can also be used to calculate the β parameter (i.e. β = 0.5×slope −1 ). These values, along with the r 2 parameter, for each best fit are reported in Table 5 . Using the LHW procedure, the T 0 m values for PET, PTT, and PBT were evaluated to be ca. 270.1, 243.6 and 235.4 • C, respectively. The T 0 m values for PET have been reported to be ca. 280 [34] , 285 [35] , and 291 • C [27] , for PTT to be ca. 237 [36] , 244 [37] , 245 [38] , and 248 • C [2] , and for PBT to be ca. 235 [35] , 244 [39] and 245 • C [36] , respectively.
Although an explanation for the non-linearity in the observed T m − T c data over a wide range of the temperature had previously been offered [40] , a new extrapolative procedure to determine the T 0 m value of a semi-crystalline polymer based on the observed T m − T c data in which the observed T m data is taken from samples crystallized at different temperatures but with the same a priori lamellar thickening coefficient has recently been reported [41] . Derived based on the Gibbs-Thomson equation [22, 42] and on the proposition of Lauritzen and Passaglia [43] on stem length fluctuation during chain folding, a new mathematical derivation was proposed [41] , which states a relationship between the observed melting temperature and the corresponding crystallization temperature. This equation is hereafter called the non-linear Hoffmann-Weeks extrapolation, and is given in the form: or in a simpler form:
where β m is the thickening coefficient, σ GT e is the basal interfacial free energy associated with nuclei of critical size including the extra lateral surface energy due to fold protrusion and the mixing entropy associated with stems of different lengths (σ GT e is the basal interfacial free energy from the Gibbs-Thomson equation [22, 42] ), σ 1 e is the interfacial energy associated with the formation of the basal plane of the initial crystals which can be estimated from the slope of a plot of the lamellar thickness versus the inversed degree of undercooling (i.e. L * c versus T −1 ), D 2 is a constant, and all other parameters are the same as previously defined. It is worth noting that, for most cases, it is safe to assume that σ 1 e ≈ σ GT e [41] . In order to apply Eq. (11) to analyze the observed T m −T c data in real polymer systems, it is required that the observed T m data be collected from samples crystallized at various T c 's but having the same lamellar thickening coefficient β m for each set of the observed T m − T c data, corresponding values of M and X in Eq. (11) can be calculated for a given choice of T 0 m value. In the case where σ 1 e = σ GT e , the "actual" equilibrium melting temperature T 0 m is taken as the seed T 0 m value which results in the plot of M versus X being a straight line with slope of unity (i.e. β = 1) and the intercept of a (i.e. a = D 2 H 0 f /2σ 1 e ). Fig. 9 shows the evolution of the M versus X plots for different choices of seed T 0 m value for PTT. According to the NLHW procedure, the T 0 m values for PET, PTT, and PBT were evaluated to be ca. 323.9, 277.6 and 262.3 • C, respectively. The T 0 m value for PTT based on the NLHW procedure has previously been reported to be ca. 273 • C [38] , which is in excellent agreement with the obtained value. The marked difference in the T 0 m values obtained by the LHW and the NLHW procedure should be noted.
Conclusions
Differential scanning calorimetry has been used to investigate the overall kinetics of melt-crystallization of three different linear aromatic polyesters, namely PET, PTT, and PBT, under isothermal quiescent conditions and subsequent melting behavior. A non-linear multi-variable regression program was used to fit the experimental data obtained for each polymer at different crystallization temperatures to three different macrokinetic models, namely the Avrami, Tobin, and Malkin models. The crystallization kinetic parameters specific to each model were obtained from the best fits of the experimental data. It was found that the quality of each model for this analysis, judged by comparing the values of the r 2 parameter, in describing the isothermal crystallization data of these polyesters was in the following order: the Avrami, Malkin, and Tobin models.
All of the crystallization rate parameters (i.e. t −1 0.5 , K a , K t , and C 1 ) were found to be very sensitive to changes in the crystallization temperature. Within the crystallization temperature range studied (i.e. 182 ≤ T c ≤ 208 • C), the values of the rate parameters for these polyesters were all found to increase with decreasing temperature (or with increasing degree of undercooling), suggesting that these polyesters crystallize faster at low temperatures than that at high temperatures. It was also shown that all of the bulk crystallization rate parameters (i.e. t −1 0.5 , K a , K t , and C 1 ) have a finite, definable relationship with the crystallization temperature T c (or, to be exact, the degree of undercooling T), in which they can be described based on an equation similar to that previously proposed [24, 25] for the temperature dependence characteristic of the linear crystal growth rate of semi-crystalline polymers.
Wide-angle X-ray diffraction patterns obtained for PTT samples crystallized in the temperature range of 182-206 • C showed seven characteristic peaks at the scattering angles 2θ of ca. 15.3, 16.8, 19.4, 21.8, 23 .6, 24.6, and 27.3 • , corresponding to the reflection planes of (0 1 0), (01 2), (0 1 2), (1 02), (1 0 2), (11 3) and (1 04), respectively. Changes in the crystallization temperature did not affect the diffraction pattern, suggesting that the crystal modification did not change with changes in the crystallization temperature (at least within the temperature range studied). The apparent degree of crystallinity χ WAXD c of these samples was also calculated and was found to increase with increasing crystallization temperature (i.e. from ca. 18.1% at T c = 182 • C to 28.4% at T c = 206 • C).
The subsequent melting endotherms for PTT samples isothermally crystallized at temperatures ranging from 182 to 208 • C exhibited either triple (at temperatures lower than ca. 194 • C) or double (at temperatures greater than ca. 194 • C) melting phenomenon. These peaks were denoted peaks I, II, and III for low-, middle-, and high-temperature melting endotherm, respectively. For triple-melting phenomenon, it was postulated that the occurrence of peak I was a result of the melting of the primary crystallites, peak II was a result of the melting of crystallites formed on recrystallization, and peak III was a result of the melting of reformed crystallites of different stabilities.
Lastly, analysis of the melting temperature of the primary crystallites according to the linear and non-linear HoffmanWeeks extrapolative methods to obtain the equilibrium melting temperatures T 0 m of these polyesters was conducted. According to the linear Hoffman-Weeks extrapolation, the T 0 m values for PET, PTT, and PBT were found to be ca. 270.1, 243.6 and 235.4 • C, respectively. According to the non-linear Hoffman-Weeks extrapolation, much higher values of ca. 323.9, 277.6 and 262.3 • C were instead obtained.
